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BACKGROUND 

I t  i s  well-known t h a t  the m a i n  d i f f i c u l t y  in  increasing the u t i l i z a t i o n  of coal 
pollution problem, as the  emission level of s u l f u r  i n  the  United States  l i e s  in the 

oxides and ash par t ic les  from coal burning f a c i l i t i e s  a r e  being regulated by s t r i n a e n t  
environmental standards. Although the par t icu la te  emission s t a n d a r d  can general ly  be 
met by using e l e c t r o s t a t i c  prec ip i ta tors ,  there  apparently e x i s t s  no accepted technology 
f o r  control l ing the su l fur  oxide emissions from the f l u e  qases (28) .  Thus, there  has 
been a growing e f f o r t  recent ly  in developing ef fec t ive  and economical a1 te rna t ives  t o  
f lue  gas desulfur izat ion,  and one of the most a t t r a c t i v e  a l te rna t ives  i s  the pre- 
combustion cleaning of coal. Several new physical and chemical methods f o r  removing 
su l fur  and ash from coal pr ior  t o  i t s  combustion have already been proposed a n d  a r e  
current ly  under intensive fur ther  developments ( 4 ) .  An important physical method 
f o r  cleaning coal t h a t  appears t o  hold much promise i s  the wel l -es tabl ished m a y e t i c  
separation technique. Previous experimental invest igat ions have c l e a r l y  indicated t h a t  
most of the mineral impurities in  coal which contr ibute  t o  the  p y r i t i c  s u f l u r ,  the  
s u l f a t e  s u l f u r  and the  ash content a r e  a l l  paramagnetic. 
ash-forming minerals, i f  s u f f i c i e n t l y  l ibera ted  as d i s c r e t e  p a r t i c l e s ,  can normally 
be separated from the  pulverized diamagnetic coal by magnetic means (14,  16,  17, 31) .  
Indeed, the technical f e a s i b i l i t y  of the magnetic cleaning of coal has been demonstrated 
in a number of previous s t u d i e s ,  with substant ia l  amounts of s u l f u r  and ash removal 
reported (18, 19) .  

with the introduction 
high-gradient magnetic separation (HGMS) . 
1969 f o r  the wet cleaning of feebly magnetic contaminants from kaolon clay (9,10,22,23 
25). 
The electromagnet s t ruc ture  cons is t s  of the energizing c o i l s  and the  surrounding i ron 
enclosure. The c o i l s  i n  t u r n  enclose a cy l indr ica l ,  highly magnetized working volume 
packed w i t h  f ine  strands of s t rongly ferromagnetic packin? mater ia ls  such as  f e r r i t i c  
s t a i n l e s s  s tee l  wools. 
gauss can be generated and uniformly d is t r ibu ted  throughout the  working vol ume. 
Furthermore, because of the placement in  the  uniform f i e l d  the ferromagnetic packing 
mater ia ls  which increase and d i s t o r t  the f i e l d  in  t h e i r  v i c i n i t y ,  l a rge  f i e l d  gradients  
of the order of kilo-gauss/micron can be produced. 
c l a y ,  the  HGMS unit i s  employed i n  a batch o r c y c l i c a l l y  operated process l i k e  a f i l t e r . .  
The kaolin feed containing the  low-concentration feebly magnetic contaminants i s  pumped 
through the  s t a i n l e s s  s t e e l  wool packing or matrix of the  separator  from t h e  bottom 
while the magnet i s  on. The magnetic mater ia ls  (mags) a r e  captured and retained inside 
the separator  matrix; and the  nonmagnetic components ( t a i l s )  pass t h r o u g h  t h e  separator  
matrix and a r e  col lected as the  beneficiated products from the top of the  magnet. 
After  some time period of operation, the separator  m a t r i x  i s  f i l l e d  t o  i t s  loading 
capacity. The feed i s  then stopped and the separator  matrix i s  rinsed with water. 
Final ly ,  the magnet i s  turned o f f ,  and the  mags retained inside the separator  matrix 
are  backwashed with water and col lected.  

These sulfur-bear ing and 

During the past few years ,  the magnetic cleaning of coal has been given new impetus 

The HGMS technology was developed around 

A typical HGMS u n i t  i n  t h i s  wet appl icat ion i s  shown schematically as Figure l ( a ) .  

of a new level  of maanetic separation technology, t he  high-intensity 

With t h i s  design, an intense f i e l d  in tens i ty  u p  t o  20 k i lo-  

In the wet beneficiat ion of kaolin 

The whole procedure i s  repeated i n  a c y c l i c  
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fash ion.  I n  genera l ,  i f  t h i s  batch process i s  employed i n  o t h e r  wet a p p l i c a t i o n s  
where the magnetic m a t e r i a l s  occupy a l a r g e  f r a c t i o n  o f  t h e  f e e d  stream, t h e  down 
t ime  f o r  backwashing w i l l  be considerable,  p o s s i b l y  n e c e s s i t a t i n q  t h e  use o f  one 
o r  more back-up separa to rs .  To overcome t h i s  problem which i s  i n h e r e n t  t o  batch 
operat ions,  a con t inuous  process employina a moving m a t r i x  HGMS u n i t ,  c a l l e d  the  
Carousel separator ,  has been proposed (10, 22, 23, 25) as shown schemat i ca l l y  i n  
F igu re  l ( b ) .  A number o f  p i l o t - s c a l e  s t u d i e s  o f  t h e  wet b e n e f i c a t i o n  o f  k a o l i n  
c l a y  and i r o n  ores u s i n g  t h e  Carousel separa to r  have been repo r ted  (23 ) .  

Because o f  t he  v e r y  l o w  c o s t s  and the  ou ts tand ing  t e c h n i c a l  performance o f  
t h e  HGMS demonstrated i n  t h e  k a o l i n  a p p l i c a t i o n ,  t h e  HGMS was r e c e n t l y  adapted to  
the  removal o f  s u l f u r  and ash f rom a f i n e l y  p u l v e r i z e d  B r a z i l i a n  Coal suspended 
i n  water i n  a bench-scale e x p l o r a t o r y  s tudy (31 ) .  
u t i l i z e d  p i l o t - s c a l e  HGMS u n i t s  f o r  the d e s u l f u r i z a t i o n  and deashing o f  water s l u r r i e s  
o f  some Eastern U.S. Coals. Fo r  instance,  r e s u l t s  f rom p i l o t - s c a l e  s t u d i e s  t h a t  
demonstrated t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  magnetic separa t i on  o f  s u l f u r  and 
ash from water  s l u r r i e s  o f  p u l v e r i z e d  I l l i n o i s  No. 6, I nd iana  No. 5 and No. 6, and 
Kentucky No. 9/14 c o a l s  have been pub l i shed  (16, 17, 21) .  
q u a n t i t a t i v e  e f f e c t s  o f  res idence  t ime,  f i e l d  i n t e n s i t y ,  pack ing m a t e r i a l  and dens i t y ,  
s l u r r y  concen t ra t i on  and r e c y c l e  on t h e  grade and recove ry  o f  t h e  magnetic separa t i on  
o f  s u l f u r  and ash f rom water  s l u r r y  o f  p u l v e r i z e d  I l l i n o i s  No. 6 coal have been 
es tab l i shed  e x p e r i m e n t a l l y  and can be p r e d i c t e d  reasonably  by an a v a i l a b l e  magnetic 
f i l t r a t i o n  model (16, 17 ) .  Depending upon t h e  types o f  coa ls  used and t h e  separa t i on  
cond i t i ons  employed, t h e  e x i s t i n g  bench-scale and p i l o t  s c a l e  r e s u l t s  have a l ready  
shown t h a t  t he  use o f  s inq le -pass  HGMS was e f f e c t i v e  i n  reduc ing  t h e  t o t a l  s u l f u r  
by 40-55%, t h e  ash by 35-45%, and t h e  p y r i t i c  s u l f u r  by 80-90%; w h i l e  achiev inq 
a maximum recovery o f  abou t  95% (19 ) .  These a v a i l a b l e  r e s u l t s  have a l s o  i n d i c a t e d  
t h a t  both the  grade and recove ry  o f  t h e  separa t i on  can be g e n e r a l l y  enhanced wi th  the 
use o f  l a r g e r  s e p a r a t o r  m a t r i x  o r  by the r e c y c l e  o f  t h e  t a i l  products .  
rev iew o f  t h e  r e p o r t e d  r e s u l t s  on t h e  magnetic c l e a n i n g  o f  p u l v e r i z e d  coa ls  i n  water 
s l u r r i e s  can be found i n  t h e  l i t e r a t u r e  (18,19). An impor tan t  p o i n t  t o  be made 
here i s  t h a t  these p u b l i s h e d  da ta  and o t h e r  r e c e n t  analyses (3,4,7,19,24,29,30) 
have i n d i c a t e d  t h a t  a s i a n i f i c a n t  p o r t i o n  o f  t h e  U n i t e d  S ta tes  coal  reserve,  low 
enough i n  o r g a n i c  s u l f u r ,  can be magne t i ca l l y  cleaned f o r  use as an env i ronmen ta l l y  
acceptable, low s u l f u r  f u e l .  It has been es t ima ted  t h a t  a t o t a l  o f  100 m i l l i o n  
s h o r t  tons o f  U.S. c o a l s  p e r  y e a r  may be m a g n e t i c a l l y  cleaned. Th is  amounts t o  
ove r  17% o f  the t o t a l  U.S. p r o d u c t i o n  p e r  y e a r  (19) .  Although t h e  e x i s t i n g  data 
have n o t  y e t  e s t a b l i s h e d  t h e  t o t a l  deashing by magnetic means, t h e r e  a re  some 
i n d i c a t a t i o n s  t h a t  by o p t i m i z i n g  t h e  separa t i on  c o n d i t i o n s ,  and enhancing the  magnetism 
o f  ash-forming m i n e r a l s ,  e t c . ,  f u r t h e r  improvement i n  the  e f fec t i veness  o f  magnetic 
separat ion o f  ash f rom coal  can be made (19 ) .  

HGMS technique c o u l d  se rve  as a s i g n i f i c a n t  ad junc t  t o  coa l  l i q u e f a c t i o n  processes. 
I n  p a r t i c u l a r ,  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  adapt ing t h e  HGMS as an a l t e r n a t i v e ,  
e f f e c t i v e  m ine ra l  r e s i d u e  separa t i on  method as compared t o  t h e  convent ional  p recoa t  
f i l t r a t i o n  i n  t h e  s o l v e n t  r e f i n e d  coal  (SRC) process has a l ready  been demonstrated 
i n  t h e  bench-scale, e x p l o r a t o r y  s tudy  done a t  Hydrocarbon Research, I nc .  (HRI). The 
HGMS was e f f e c t i v e  i n  removing up t o  90% o f  t h e  i n o r q a n i c  s u l f u r  f rom the  l i a u e f i e d  

.SRC f i l t e r f e e d  s l u r r y  of I l l i n o i s  No. 6 coa l ,  and about h a l f  o f  t h e  experimental runs 
conducted by HRI i n d i c a t e d  over  87% i n o r g a n i c  s u l f u r  removal (8,19,26). I n  general,  
t he  work done by H R I  showed t h a t  t h e  HGNS was l e s s  e f f e c t i v e  i n  ash removal, b u t  d i d  
remove 25 t o  35% o f  t h e  ash. Q u i t e  r e c e n t l y ,  a p i l o t - s c a l e  HGMS system f o r  the 
removal o f  m ine ra l  r e s i d u e  from t h e  l i q u e f i e d  coa l  has been designed and cons t ruc ted  
by the  authors (17) .  T y p i c a l  r e s u l t s  from experiments conducted w i t h  the  l i q u e f i e d  
SRC f i l t e r  feed s l u r r y  o f  Kentucky No. 9/14 coa l  have been q u i t e  encouraaing. 

Other  i n v e s t i g a t o r s  l a t e r  

I n  p a r t i c u l a r ,  t he  

F u r t h e r  d e t a i l e d  

Recent s t u d i e s  (8,16-19, 26) have a l s o  suggested t h a t  coa l  c l e a n i n g  by t h e  
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indicat ing tha t  the HGMS could reduce the  t o t a l  s u l f u r ,  ash and p y r i t i c  s u l f u r  
contents by as h i g h  as 70, 76 and 95%, respect ively.  
above bench sca le  and p i lo t - sca le  invest igat ions have a l so  showed t h a t  an even 
greater  deashing of the l iquefied SRC f i l t e r  feed can be achieved by improved 
separation conditions. 
technical implications can be found in  the  l i t e r a t u r e  (19,26). Furthermore, a 
c lose  examination of the inherent physical and chemical c h a r a c t e r i s t i c s  of the 
hydrogenated product pr ior  t o  the f i l t r a t i o n  s tep  i n  t h e  SRC and o ther  re la ted  
l iauefact ion processes wil l  indicate  t h a t  the  HGMS m y  be developed as a prac t ica l ly  
appl icable  mineral res idue separation method. 
reaction will generally reduce a major  portion of the p y r i t i c  s u l f u r  t o  the  hiphly 
magnetic pyrrhot i te ;  and the sulfur-bear ing and ash-forming minerals tend t o  be 
more eas i ly  l iberated from the dissolved organic components in  the  f i l t e r  feed 
s lur ry  when compared t o  the case of pulverized coal suspended i n  water. 
the  typical  mean p a r t i c l e  s i z e  o f  the  SRC f i l t e r  feed sample i s  often l e s s  t h a n  
5 microns, which d ic ta tes  the use o f  methods capable of  handling micron-size 
mater ia ls  l i k e  the  HGMS. All of these fac tors  seem t o  suggest t h a t  t h e  s i g n i f i c a n t  
potent ia l  of u t i l i z i n g  the HGMS f o r  removing t h e  mineral residues from l iquef ied  coal .  
For cer ta in  types of coals ,  i t  has been pointed o u t  t h a t  even without f u r t h e r  
enhancement of the magnetic removal of ash, the magnetically cleaned SRC would be 
acceptable f o r  use as  a feed t o  boi lers  which already have e l e c t r o s t a t i c  prec ip i ta tors  
(34) .  This follows because the  cos t  of so l id- l iqu id  separat ion in  coal l iquefac t ion  
i s  generally subs tan t ia l ,  and the moderately low-ash SRC should be less  expensive 
(2,26, 34). 
of l iquefied coal based on the  laboratory data obtained by HRI seems t o  support t h i s  
observation ( 2 6 ) .  

f e a s i b i l i t y  of the magnetic desulfur izat ion of both wet and l iquefied coals  h a s  
been well es tabl ished.  Recently, there  have been several estimates of the costs  of 
magnetic desulfur izat ion reported in  the  l i t e r a t u r e  (9,20,21,24,26,31). 
of the simplifying assumptions involved as well as the technical  performance specif ied 
and the estimation methods used i n  these analyses ,  however, most of them seem t o  be 
somewhat approximate i n  nature. 
s tud ies  of su l fur  and ash removal from both wet and l iquefied coals by t h e  HGMS 
a r e  used t o  design conceptual processes f o r  magnetic desulfur izat ion of coa ls .  
Estimates of magnetic desulfur izat ion c h a r a c t e r i s t i c s  and conceptual process 
requirements, as well a s  i n s t a l l a t i o n  and processing cos ts  a r e  determined. In 
p a r t i c u l a r ,  the extents  t o  which the  processing conditions can a f f e c t  the  magnetic 
desulfur izat ion cos ts  a re  t o  be examined. 
on the possible impact of fu ture  process improvements. 
compared w i t h  other  approaches t o  the desulfur izat ion of coals (2 ,4 ,15,27,33) .  

Available data  from the 

A de ta i led  discussion of these r e s u l t s  along with t h e i r  

I t  i s  known t h a t  the hydroqenation 

Furthermore, 

Indeed, a preliminary cost  estimation of the  magnetic desulfur izat ion 

The preceding discussion has indicated t h a t  the  s c i e n t i f i c  and technical  

Because 

In this paper, t h e  l a t e s t  data  from p i l o t - s c a l e  

The l a t t e r  wi l l  provide some indicat ions 
F ina l ly ,  the  r e s u l t s  are  

MAGNETIC DESULFURIZATION OF COAL/WATER SLURRY: PROCESS AND COSTS 

A conceptual process f o r  the magnetic desulfur izat ion of pulverized coal 
suspended in water by the HGMS i s  shown schematically in Figure 2 .  
of a f ixed concentration i s  prepared f i r s t  by mixing known amounts of pulverized 
coa l ,  water and a dispersant  (wetting agent) l i k e  Alconox. 
here i s  the  la rges t  commercial u n i t  now in use f o r  producing h i g h  qua l i ty  paper 
coating clays.  
in  an open volume of 7-fOOt in  diameter and 20-inch i n  length.  
separator  matrix of 94% v o i d  i s  placed in the open volume. 
through the energized separator  matrix a t  a f ixed residence time (flow ve loc i ty)  
unt i l  the  matrix reaches i t s  loading capaci ty .  
sen t  to  a s e t t l i n g  pond o r  a c l a s s i f i e r  f o r  recovering water f o r  re-use. 
a r e  co l lec ted ,  dewatered and dr ied.  

A coal s l u r r y  

The HGMS u n i t  employed 

I t  i s  operated a t  a f ixed f i e l d  i n t e n s i t y  o f  20 kilo-Fauss generated 
A s t a i n l e s s  s tee l  wool 

The coal s l u r r y  i s  pumped 

After r inse  with water, the  mags a re  
The t a i l s  
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By removing 80 t o  90% of t h e  p y r i t i c  s u l f u r  magnetically and achieving a 
recovery o f  85 t o  90% as was demonstrated from the r e s u l t s  of reported s tudies  
of magnetic desu l fur iza t ion  of pulverized coals in water s l u r r i e s  (16-19,21 ,31) ,  the  
process can be used f o r  t h e  cleaning of about one- f i f th  of the recoverable U.S. coals 
with a low organic s u l f u r  content of 0.7 t o  0.9 W t %  as an environmentally acceptable 
f u e l .  A detai led documentation of the  reserve and production of U.S. coals which 
may be magnetically c leanable  t o  1 W t %  t o t a l  s u l f u r  according t o  the Seam, d i s t r i c t  
and county in each s t a t e ,  along with the  t o t a l  and organic s u l f u r  contents  can be 
found in  the l i t e r a t u r e  ( 7 ) .  Here, a reasonable range of add-on costs  (excluding 
those f o r  grinding, dewatering and drying) can be estimated f o r  the  wet maqnetic 
cleaning o f  coal s l u r r i e s  designed t o  achieve the  s imi la r  desulfur izat ion 
charac te r i s t ics  as  reported i n  the  recent s tud ies  (16-19,21,31). The method used 
f o r  estimating t h e  costs  of magnetic desulfur izat ion was based on the  technique 
employed by the Federal Power Conmission Synthetic Gas-Coal Task Force in t h e i r  
repor t  on synthet ic  gas ( 2 , 5 ) .  The investor  c a p i t a l i z a t i o n  method used i n  t h i s  
approach was the discount cash flow (DCF) financing method with assumed DCF ra tes  of 
re turn such as 15% a f t e r  tax. 
revenue during the  plant  l i f e  which will generate a DCF equal t o  the t o t a l  capi ta l  
investment f o r  t h e  plant .  Several major assumptions were included i n  the method 
(2 ,5 ) :  ( a )  The plant  l i f e  was assumed t o  be 20 years  w i t h  no cash value a t  the end 
of l i f e .  ( b )  A s t r a i g h t - l i n e  method was used t o  ca lcu la te  the annual depreciation. 
( c )  Operating cos ts  and working capi ta l  requirements were assumed t o  be constant 
during the plant  l i f e .  
of  cap i ta l  durinq the construct ion period and 100% equity capi ta l  was assumed. 
( e )  Total plant investment, re turn on investment during the plant  l i f e  and working 
capi ta l  were t rea ted  as c a p i t a l  costs  in year  zero (the year  ending with the completion 
of s ta r t -up  operat ions) .  ( f )  Star t -up costs  were t rea ted  as  an expense in  year  zero. 
( 9 )  48% federal income t a x  was assumed. Based on these  assumptions, equations f o r  
calculat ing the uni t  cos ts  ( $  per ton coal processed annually) can be suggested from 
t h e  referenced documents (2 ,5) .  
f u r t h e r  cost information used i n  the  present estimation is q i v e n .  Note t h a t  the 
cos ts  of major i n s t a l l e d  equipments and the uni t  cos ts  l i s t e d  i n  Table 1 were based on 
t h e  values o f  June 1976. For  ins tance ,  the costs  o f  pump and tank used were estimated 
f i r s t  accordinq t o  reference 6 and then brouqht them u p  to  date  by multiplying a C E  
p lant  cost  index r a t i o  of (205/113.6); while the cos t  of the  i n s t a l l e d  HGMS u n i t  with 
a separator matrix of 7-foot diameter and 20-inch length was estimated t o  be 1.936 
mil l ion ( 1 1 ) .  

The estimated capi ta l  investments and uni t  cos ts  f o r  four  typical  cases ,  designed 
a s  A - D ,  a re  summarized i n  Table 2.  Slurry ve loc i t ies  of 2.61 and 4.0 cm/sec, s lur ry  
concentrations o f  15,25 and 35Wt%, as well as separat ion duty cycles from 59.0 
t o  77.9% have been considered. These separat ion conditions a r e  s imi la r  t o  those used 
i n  the  l a t e s t  p i lo t - sca le  invest igat ions reported (16-19,21,31). The resu l t s  shown 
i n  t h i s  table  c lear ly  i l l u s t r a t e  the  e f f e c t s  of s l u r r y  veloci ty  and concentration, as 
well a s  separation duty cycle .  For instance,  t h e  comparison of cases A-C shows 
t h a t  a t  the same s lur ry  ve loc i ty  and s imilar  magnetic desulfur izat ion charac te r i s t ics ,  
t h e  higher the s l u r r y  concentrat ion,  the cheaper will be the  investment a n d  un i t  costs .  
While t h i s  observation i s  t o  be expected, i t  i s  worthwhile t o  mention t h a t  there  have 
been p i lo t - sca le  t e s t i n g  data  which ind ica te  the f a c t  t h a t  increasing the s lur ry  
concentration o f  pulverized I l l i n o i s  No. 6 coal from 2.57 t o  28.4 W t %  did n o t  appreciably 
change the grade a n d  recovery o f  the  separat ion.  
condi t ions,  a s  well as  operat ing and cos t  f a c t o r s ,  e t c .  on  the uni t  costs  a re  i l l u s t r a t e d  
i n  Table 3. 
per cycle  r e l a t i v e  t o  a f ixed  amount of s t a i n l e s s  s t e e l  wools packed in  the separator  
matrix, a reduction of t h e  uni t  cost  by about 15% can be achieved. This r e s u l t  shows 
the  importance of the separa tor  matrix loading c h a r a c t e r i s t i c s  on the  costs  Of 
maqnetic desulfur izat ion.  
i s  the  washing time required in a complete separat ion cycle .  This can be i l l u s t r a t e d  
by comparing items 4 and 6 i n  Table 3. I n  p a r t i c u l a r ,  the computed r e s u l t s  indicate  

This method e s s e n t i a l l y  determines the  annual 

(d)  The current  value of  the  investment included the cos t  

They a r e  summarized in  Table 1 ,  in which some 

Further e f f e c t s  of processing 

I t  i s  seen from the t a b l e  tha t  by doubling the amount of coal processed 

Another f a c t o r  which a f f e c t s  the u n i t  costs  considerably 
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t h a t  doubling the amount of washing water required only leads t o  a negl ig ib le  increase 
(0.27 t o  0.60 % )  in unit costs .  However, i f  b o t h  the amounts of washing water and the 
washing time are  doubled, the  uni t  costs  a r e  increased by about 15%. 
observations c lear ly  suggest the important economic incent ive f o r  f u r t h e r  p i lo t - sca le  
invest igat ions of the  separator  matrix loading and washing charac te r i s t ics  in  the  
magnetic desulfur izat ion of coal/water s l u r r y .  F ina l ly ,  item 7 of Table 3 shows t h a t  
labor  cost  seems t o  be a s i g n i f i c a n t  f rac t ion  of t h e  u n i t  cos t .  
not expected tha t  the labor  requirement i s  t o  be doubled i n  actual commerical pract ice  
from the nominal case in  Table 2.  
the  commercial cleaning of kaolin c lays  by the HGMS indica te  t h a t  the labor  requirements 
i n  both operation and maintenance a r e  minimum (9,23) .  

I n  Table 4 ,  the estimated costs  of magnetic desu l fur iza t ion  a r e  expressed i n  terms 
Of t h e  capi ta l  and uni t  cos ts  per ton coal processed annually, and compared with the 
r e s u l t s  of t h i s  study. 
estimates for  kaolin benefication by t h e  A t  a residence 
time Of 0.5 minute, the coal feed r a t e  t o  a commercial HGMS u n i t  of a separator  
matrix of 7-foot diameter and 20-inch length was s e t  a t  100 tons per h o u r  by Murray. 
This r a t e  appears t o  be higher than t h a t  expected in the commercial p rac t ice .  
addi t ion ,  the costs  of labor  a n d  maintenance per HGMS u n i t  were estimated by Murray t o  
be 1 and 2 $ per hour, respect ively.  
those reported in reference 9. Consequently, the cos ts  estimated by Murray shown 
in  Table 4, especial ly  the uni t  cos t  Uo (0.37$ per ton processed annual ly) ,  a r e  
believed t o  be lower than the  actual cos ts .  Next, while the costs  estimated by 
Oder ( 2 4 )  seem t o  be r e l a t i v e l y  comparable t o  those obtained i n  this  s tudy,  i t  
appears t o  be d i f f i c u l t  t o  ident i fy  c lear ly  the differences in  b o t h  es t imates .  
follows because the spec i f ic  d e t a i l s  regardinq the cos ts  of major i n s t a l l e d  equipments, 
cycle  time, and washing time, e t c .  were not reported in reference 24. 
cos ts  estimated by Trindade (31) a r e  a l so  believed t o  be lower than the actual  cos ts .  
Note t h a t  in the cost  estimation by Trindade, the Carousel separator  was taken as the 
desired HGMS uni t ,  although there  have n o t  y e t  been any t e s t i n g  data reported o n  the 
magnetic desulfur izat ion of coal/water s l u r r y  using the Carousel separator .  Only 
the separator  cost  was included as  the capi ta l  cos t  i n  t h e  analysis  by Trindade, and i t  
was about one-half of the cos t  of i n s t a l l i n g  an equivalent  cyc l ic  HGMS uni t .  
led t o  the re la t ive ly  low capi ta l  investment per ton coal processed, 0.82 t o  1.64 6, 
estimated by Trindade a s  shown in Table 4 .  
estimation method used by Trindade will general ly  lead t o  lower u n i t  c o s t s .  
instance,  by using Trindade's method, the u n i t  cos t  U obtained i n  t h i s  work a t  a 
s l u r r y  veloci ty  of 2.61 cm/sec shown i n  Table 4 wil l  !e decreased from 1.06 t o  0.85 $ 
per ton coal processed annually. 

An approximate comparison of estimated capi ta l  and uni t  costs  of d i f f e r e n t  
p y r i t i c  su l fur  removal processes current ly  under a c t i v e  developments (1,4,15,33) i s  
given in Table 5. With the exception of t h e  MAGNEX process ( 1 5 ) ,  a l l  the approaches 
l i s t e d  in Table 2 a r e  wet processes, thus requir ing r e l a t i v e l y  comparable dewatering 
and drying costs .  This t a b l e  ind ica tes  t h a t  the cos ts  of wet magnetic desulfur izat ion 
by the HGMS apparently appear t o  be a t t r a c t i v e  when compared t o  those of o ther  
approaches, even a f t e r  adding the necessary costs  o f  grinding,  dewatering and drying. 
However, i t  should be emphasized t h a t  the  above comparison i s  only an approximate one, 
because of the difference in  the methods used in estimatinq the  costs  and  i n  the 
desulfur izat ion charac te r i s t ics  reported, e t c .  Based on the  ava i lab le  cos t  information 
on these p y r i t i c  su l fur  removal processes (1 ,4 ,15,33) ,  i t  i s  not ye t  possible  t o  carry 
o u t  a rigourous comparison. 

The above 

Fortunately,  i t  i s  

This follows because t h e  ex is t ing  experience i n  

The costs  given by Murray (21) were based on the  ex is t ing  cos t  
HGMS given in reference 9. 

In 

These costs  a l s o  appear t o  be lower than 

This 

F ina l ly ,  the 

This 

I t  may also be noted t h a t  the  cost  
For  

MAGNETIC DESULFURIZATION OF LIQUEFIED COAL: PROCESS AND COSTS 

A flow diagram f o r  the conceptual process f o r  removina the  mineral residue from 
the l iquefied SRC by the HGMS i s  shown i n  Figure 3. The HGMS uni t  used here i s  the 
same comnercial separator  employed in the desulfur izat ion of coal/water s l u r r y .  The 
magnetic desulfur izat ion of the l iquefied SRC i s  t o  be conducted a t  e levated temperature 
t o  reduce the viscosi ty  of the coal s l u r r y .  Furthermore, the packed s t a i n l e s s  s t e e l  
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wool m a t r i x  i s  a l s o  t o  be heated up t o  t h e  d e s i r e d  s e p a r a t i o n  temperature d u r i n g  
opera t ion .  The e l e v a t e d  temperature i n  t h e  m a t r i x  w i l l  p revent  t h e  coa l  s l u r r y  
from congea l ing  and p l u g g i n g  t h e  m a t r i x .  
p o r t i o n  o f  t h e  m a t r i x  from t h e  magnet w ind ings .  The i n s u l a t e d  m a t r i x  i s  f u r t h e r  
surrounded by a water  j a c k e t .  These p r o v i s i o n s  f o r  heat ing ,  i n s u l a t i n g  and c o o l i n g  
t h e  separa tor  m a t r i x  s l i g h t l y  reduce t h e  a c t u a l  work ing  volume o f  s e p a r a t o r  m a t r i x  
f rom 7 - foo t  t o  6 '10 "  i n  d iameter .  I n  a c t u a l  s e p a r a t i o n  runs ,  t h e  u n f i l t e r e d  
l i q u e f i e d  SRC i s  pumped th rough t h e  energ ized separa tor  a t  a cons tan t  f l o w  r a t e  u n t i l  
t h e  separa tor  m a t r i x  reaches i t s  l o a d i n g  l i m i t .  A f t e r  r i n s e  w i t h  a process 
generated s o l v e n t ,  t h e  m a t r i x  i s  backwashed w i t h  t h e  same s o l v e n t  w i t h  the  magnet 
de-energized. The mags a r e  s e n t  t o  a hydroc lone separa tor .  The o v e r f l o w  from the  
hydroclone i s  r e c y c l e d  back t o  t h e  wash s o l v e n t  t a n k  f o r  re-use; w h i l e  t h e  underf low 
i s  sent  t o  an evapora tor  t o  recover  t h e  s o l v e n t ,  and t h e  res idua l  s o l i d s  a r e  packed 
f o r  o t h e r  uses. The t a i l s  f rom t h e  s e p a r a t o r  a re  s e n t  t o  a vacuum column t o  recover 
t h e  s o l v e n t  f o r  process r e c y c l e  and t h e  vacuum bottom i s  s e n t  t o  a p roduc t  c o o l e r  t o  
produce t h e  s o l i d i f i e d  SRC. 

and m a t r i x  l o a d i n g  observed by H R I  f o r  s l u r r y  v e l o c i t i e s  v a r i e d  f r o m  0.25 t o  14.0 
cm/sec ( 8 ) .  
those s l u r r y  v e l o c i t i e s  a r e  summarized as t h e  f i r s t  t h r e e  rows o f  Tab le  6. Note 
t h a t  accord ing  t o  t h e  survey o f  t h e  s u l f u r  r e d u c t i o n  p o t e n t i a l  o f  455 U.S. coa l  samples 
conducted by t h e  Bureau o f  Mines, t h e  average t o t a l  and i n o r g a n i c  s u l f u r  con ten ts  
a re  3.02 and 1.91 W t % ,  r e s p e c t i v e l y  ( 3 ) .  Thus, i f  t h e  hydrogenat ion  s t e p  i n  
t h e  SRC and o t h e r  r e l a t e d  l i q u e f a c t i o n  processes can remove 70% o f  t h e  organ ic  s u l f u r ,  
a r e d u c t i o n  o f  t he  i n o r g a n i c  s u l f u r  c o n t e n t  by  about 67% a f t e r  t h e  hydrogenat ion w i l l  
be s u f f i c i e n t  f o r  p roduc ing  a SRC w i t h  an emiss ion  l e v e l  s m a l l e r  than 1.20 l b  SO / 
m i l l i o n  But, assuming t h a t  t h e  SRC has a h e a t i n g  va lue  o f  16,000 B t u / l b .  By us i zg  t h e  
same method f o r  cos t  e s t i m a t i o n  summarized i n  Table 1 w i t h  t h e  except ion  of r e p l a c i n g  
t h e  d i s p e r s a n t  by steam w i t h  a nominal c o s t  o f  2$/1000 l b ,  t h e  es t imated  c a p i t a l  
investments and u n i t  c o s t s  f o r  t h e  conceptual  process a r e  presented i n  Tab le  6. 
Here, the  c o s t s  o f  majored i n s t a l l e d  equipments have i n c l u d e d  those o f  t h e  HGMS u n i t ,  
wash s o l v e n t  tank ,  f e e d  surge tank, f e e d  pump, f l u s h  pump and evaporator,  e t c .  I n  
Table 7, t he  e f f e c t  o f  steam p r i c e  on t h e  u n i t  c o s t  Up o f  magnetic d e s u l f u r i z a t i o n  of 
l i q u e f i e d  coa l  i s  i l l u s t r a t e d .  I t  i s  seen t h a t  d o u b l i n g  t h e  steam p r i c e  w i l l  i nc rease 
t h e  u n i t  c o s t  Uo by 3 t o  32% i n  t h e  range o f  s l u r r y  v e l o c i t i e s  considered. A S  steam 
i s  ma in ly  used i n  t h e  process i n  c o n j u n c t i o n  w i t h  t h e  evapora tor  f o r  r e c o v e r i n g  
t h e  wash s o l v e n t ,  t h i s  comparison a l s o  i m p l i e s  t h a t  t h e  h i g h e r  t h e  process throughput,  
t h e  more expensive w i l l  be t h e  o p e r a t i n g  c o s t  f o r  s o l v e n t  recovery.  F i n a l l y ,  an 
approximate comparison o f  t h e  c a p i t a l  investments and u n i t  cos ts  o f  severa l  s o l i d -  
l i q u i d  s e p a r a t i o n  methods, i n c l u d i n g  precoat  f i l t r a t i o n ,  c e n t r i f u g a t i o n ,  s o l v e n t  
p r e c i p i t a t i o n  and HGMS, i s  g i v e n  i n  T a b l e  8 ( 2 ) .  T h i s  t a b l e  shows t h a t  a l though the  
precoat  f i l t r a t i o n  and t h e  s o l v e n t  p r e c i p a t i o n  can g e n e r a l l y  meet t h e  s t r i n g e n t  
environmental  standards f o r  bo th  s u l f u r  and ash, t h e  cos ts  o f  these methods,are more 
expensive t h a n  those f o r  the.HGMS. 
f o r  us ing  t h e  m a g n e t i c a l l y  c leaned SRC as a feed t o  b o i l e r s  which a l r e a d y  have 
e l e c t r o s t a t i c  p r e c i p i t a t o r s .  Obv ious ly ,  a d d i t i o n a l  development work i s  needed t o  
firmly suppor t  t h i s  o b s e r v a t i o n .  

I t  i s  a l s o  necessary t o  i n s u l a t e  t h e  heated 

The conceptual  p rocess  i s  designed t o  ach ieve  t h e  same e x t e n t s  o f  i n o r g a n i c  s u l f u r  

The s p e c i f i c  magnet ic d e s u l f u r i z a t i o n  c h a r a c t e r i s t i c s  corresponding t o  

Thus, t h e r e  seems t o  be some economic i n c e n t i v e  

CONCLUSIONS 

I n  t h i s  paper, t h e  l a t e s t  d a t a  f rom p i l o t - s a c l e  s t u d i e s  o f  s u l f u r  and ash removal 
from bo th  p u l v e r i z e d  c o a l s  suspended i n  water s l u r r i e s  and l i q u e f i e d  SRC coa l  by t h e  HGMS 
haye beeo=used t o  d e s i g n  conceptual  processes f o r  t h e  d e s u l f u r i z a t i o n .  
magnet ic d e s u l f u r i z a t i o n  c h a r a c t e r i s t i c s  and conceptual  process requirements,  as we l l  as 
i n s t a l l a t i o n  and process ing  c o s t s  have been determined. 
magnetic d e s u l f u r i z a t i o n  appears t o  be a t t r a c t i v e  when compared t o  o t h e r  approaches f o r  
t h e  d e s u l f u r i z a t i o n ,  i n  terms o f  c o s t s  and performance. 

Est imates of 

The r e s u l t s  i n d i c a t e  t h a t  t he  
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Figure 3. Desulfurization of Liquefied Coal by H G M S. 
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Table 1 

Basis f o r  Estimating the U n i t  Costs o f  
Magnetic Uesui tur izat ion o t  Loai/water blurry @,5,6,11) 

A. Investment Costs: 

1 .  Costs of Major Ins ta l led  Equipments: 
HGMS u n i t ,  pump,  tank,  e t c .  

2 .  Add 20% Continqency 
Total Investment, I $ 

B. Operating Costs: 

1 .  Dispersant (576/1 b) 
2 .  E lec t r ic  Power ( Z Q / K W H )  
3. Water (3t/100Dgal) 
4. Operating Labor (men/shift x 8304 man-hourslyear x 6.5$/man-hour) 
5. Maintenance Labor (1.5% of investment c o s t )  
6. Supervision (15% of operat ing and maintenance labor  cos ts )  
7.  Operating Supplies (30% o f  operating labor  'cost) 
8. Maintenance Suoplies (1.5% o f  investment c o s t )  
9. Local Taxes and' Insurance (2.7% of investment c o s t )  

Annual Net Operating Cost, N $ 
Coal Processed Annually, G tons 

C. U n i t  Costs ( $/ton coal processed annually): 

1 .  Based on 0% DCF Rate of Return, Uo = (N+0.05I)/G 
2. Based on 15% DCF Rate o f  Return, 
3. Based on Capital Amortization over 

20 Years a t  10% I n t e r e s t  Rate, 

U15 = (N+0.34749I)/G 

U = (N+0.117461)/6 



Table 2 

1. 
2. 
3. 
4. 
5. 
6. 

7. 

8 .  

Cost o f  Desulfurization o f  CoallWater Slurry by HGMS 
Using Separator Matrix of 7-FOOt Diameter and 20-Inch Length_ 

Case A Case B Case C Case D - -__ - -- 
Slurry Velocity, cm/sec 2.61 2,61 2.61 4.0 
Slurry Concentration, Wt% 15 25 35 25 
Coal Feed Rate, ton/hr 44.77 66.13 83.07 89.61 
Cycle Time, minute 9.00 6.10 4.85 4.50 
Duty Cycle, % 77.9 67.4 59.0 59,6 
Tons o f  Coal Processed 
Per Cycle 4 03 403 403 403 
Unit Costs, $ Per Ton 
Coal Processed Annually 

U 2.083 1.401 1.109 1.067 

"0 1.802 1.063 0,858 0.829 

"1 5 3,676 2.479 1.967 1.880 
Capital Investment Per 
Ton Coal Processed 
Annually, $ 6.93 4.69 3.73 3.53 

Basis: 

(1) Amount of coal processed per cycle=7 times weight of stainless steel wool 

(2)  Amount of rinse water required per cycle=1.5 times volume of separator matrix 

( 3 )  Amount of wash water required per cycle=7 times volume of separator matrix 
( 4 )  Velocity of rinse water=velocity of  coal slurry 
(5) Washing time=l minute 
( 6 )  Time for energizing the magnet=0.5 minute 

(7) Labor required=Z men per shift 
(8) Amount of dispersant required=lO ppm 



Table 3 

1 .  

2. 

3. 

4. 

5. 

6 .  

7. 

S e n s i t i v i t y  Analysis o f  U n i t  Costs ( $  Per Ton Coal Processed Annually) 
of Desulfurization of  Coal/Water Slurry by HGMS 

"0 "1 5 
%Change % Change 

0.00 2.4117 0.00 
Basis: 2.61 cm/sec, 25 Wt% 
s lu r ry ,  and o t h e r  conditions 1.0628 
i n  Tables 1-2. 

Amount of Coal Processed 
Per Cycle Doubled " 0.9004 

25% Reduction i n  Capital 0.9389 
Investment 

Amount of  Washing Water 1.0691 
Requi red Doubled 
(Washing Time Unchanged) 

Cost of Water Increased 1.0835 
5 /3  Times (5t/1000gal) 

Both Amounts of  Washing 1.2256 
Water and Washing Time 
Doubled 

Labor Requirement Doubled 1.3587 

-15.28 2.0341 -1 5.66 

-11.66 1.9506 -19.12 

t0 .60 2.4181 t0.27 

t1 .95 2.4324 +0.86 

t15.32 2.7883 +15.62 

t27.82 2.7077 +19.12 
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Table 5 

Approximate Comparsion o f  Estimated Capital and 
U n i t  Costs ( $  Per Ton Coal Processed Annually) 
o f  Different  P y r i t i c  Sulfur  Removal Processes 

( $  Per Ton Coal Processed Annual l y )  

Process U -  " 

1. 

2. 

3. 

4. 

5. 

MAGNEX-Hazen 5.83 
Reserach, Inc. (15) 

Froth Flotat ion-  2.77 
Bureau o f  Mines (15) 

Systems and Energy 

Ledgemont Oxygen Zomparable 
Leaching- Kennecott t o  Meyers 
Copper Corporation 

HGMS-This Work, 0.83-1.06 
See Table 2 

Meyers- TRW 6.00-14.00 

(33) 

(1 )  

U,F,  Capital Investment - 
7.05 4.17 

4.47 5.71 

13.80 
(leaching only) 

11.30 
(leaching only)  

1.88-2.48 3.53-4.69 
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Table 6 

Costs of Desulfurization of Liquefied Coal by HGMS 
Using Separator Matrix of 6'10"-Diameter and ZO"-Leng th  

1 .  Slurry Velocity, 
cm/ sec 

2 .  Apparent % 
Pyr i t i c  Sulfur 
Removal 

3. Cycle Time, 
Minute 

4. Duty Cycle, 

5. Tons of Liquefied 
Coal Processed 
Per Cycle 

6.  F i l t r a t ion  Rate 
Based on Actual 
F i l t e r ing  Time, 
GPMI f t 2  

% 

7. U n i t  Costs, $ 
Per Ton Coal 
Processed Annually 

UO 

u15 

U 

8. Capital Investment 
Per Ton Coal 

0.25 

90 

45.86 

85.8 

22.52 

3.74 

6.58 

15.65 

8.64 

Processed Annually, 
$ 30.5 

1.60 

87 

9.15 

74.9 

24.71 

23.56 

1.45 

3.31 

1 .a7 

6.26 

2.71 

78 

5.84 

66.3 

23.63 

39.91 

1.10 

2.53 

1.42 

4.79 

2.71 

74 

11.33 

82.6 

57.21 

39.91 

0.76 

1.80 

1 .oo 

3.49 

5.42 

67.7 

4.32 

59.3 

31.48 

79.82 

0.67 

1.54 

0.87 

2.89 

14.0 

66.4 

2.39 

33.5 

25.25 

206.2 

0.61 

1.37 

0.79 

2.53 
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Tab le  7 

E f f e c t  o f  Steam P r i c e  on t h e  U n i t  Cost f o r  D e s u l f u r i z a t i o n  o f  
L i q u e f i e d  Coal by HGMS 

S1 u r r y  
V e l o c i t y ,  
cm/sec 

0.254 

2.71* 

2.71** 

5.42 

14.00 

Uni t  Cost Uo,$ Per Ton 
L i q u e f i e d  Coal Processed 
A n n u a l l y  

Case A Case B 

6.580 6.600 

1,100 1.311 

0.763 0.850 

0.670 0.836 

0.614 0.81 1 

% I n c r e a s e  
from Case A 
t o  Case B 

3.0 

30.0 

11 .o 
25.0 

32.0 

Case A :  Steam P r i c e  = 2 $ / lo00 l b .  

Case B:  Steam P r i c e  = 4 $ / l o 0 0  l b .  

* Amount o f  L i q u e f i e d  Coal Processed Per Cyc le  = 23.63 Tons 

** Amount o f  L i q u e f i e d  Coal Processed Per Cycle=57.21 Tons 

=25.83 Times o f  S t a i n l e s s  Stee l  Wool Weight. 

=62.53 Times o f  S t a i n l e s s  S tee l  Wool Weight. 
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Tab le  8 

Method 

1. Rotary  Drum 
F i l t r a t i o n  
(SRC) 

2. Pressure Leaf  
F i l t r a t i o n  
(SRC) 

C e n t r i f u g a t i o n  
(H-Coal ) 

P r e c i p i t a t i o n  
(H-Coal) 

3. Two-Stage * 

4. So lven t  

5. HGMS* 
5.4 cm/sec 
2.7 cm/sec 

( $  Per Ton L i q u e f i e d  Coal Processed Annua l l y )  
uo u15 C a p i t a l  Investment  - __ 

2.77 8.10 17.89 

7.03 9.87 9.52 

2.57 7.57 15.38 

1.82 3.98 6.70 

0.68 1.54 
1.10 2.53 

2.89 
4.79 

* The ash content  o f  separated p roduc t  may n o t  s a t i s f y  EPA s p e c i f i c a t i o n ,  and t h e  
use o f  e l e c t r o s t a t i c  p r e c i p i t a t o r s  may be needed. 
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